Abstract: Industrial strains of Penicillium chrysogenum possess many genomic changes leading to higher levels of penicillin. In this work several production and wild-type strains of Penicillium chrysogenum were used in comparative nucleotide sequence analysis of the biosynthesis cluster. The alignments confirmed sequence conservation not only in promoter regions of the biosynthesis genes but also throughout the entire 44.7-kbp genomic fragment comprising the whole biosynthesis cluster with 15.5-kbp and 13.1-kbp flanking regions. As another titre-enhancing mechanism we subsequently examined gene dosage in two production strains introduced here, NMU2/40 and B14. Quantitative real-time PCR and Southern blot analysis showed the amplification of the biosynthesis genes in both these strains. Through the real-time PCR method the exact copy number was estimated for each of the pcbAB, pcbC and penDE genes. The equal pool of all three genes per genome was confirmed for the both production strains indicating that in these strains the entire penicillin cluster has been amplified as an intact element. Penicillium chrysogenum NMU2/40 was found to carry four copies of the cluster, while six copies were estimated for B14. This also proves the contribution of the additional titre-enhancing mechanisms in both strains, since the industrial data referred much higher production of these strains compared with the single copy reference strain NRRL 1951.
Introduction
An availability of a large number of the strains with different penicillin production efficiency makes Penicillium chrysogenum the best model organism used in studies of penicillin biosynthesis. All three biosynthesis genes from Penicillium chrysogenum -pcbAB, pcbC and penDE -were cloned and characterized (Gutiérrez et al. 1999 ) and they appeared to be clustered in the same ∼16.1-kb genomic region (Smith et al. 1990; Aharonowitz et al. 1992) . The first two genes, pcbAB (encoding L-α-aminoadipyl-L-cysteinyl-D-valine synthetase) (Smith et al. 1990 ) and pcbC (encoding isopenicillin N synthetase) (Carr et al. 1986; Barredo et al. 1989a ) are divergently transcribed from a ∼1-kb bidirectional promoter region (Díez et al. 1990 ). The last gene, penDE (encoding isopenicillin Nacyltransferase) (Barredo et al. 1989c; Díez et al. 1989 ) is located downstream of pcbC and its promoter resides within an independent region (Díez et al. 1990) .
Commercial production of penicillin first began in 1941 using Penicillium notatum NRRL 1249-B21 in surface culture fermentation. Continuous research to obtain higher yields led to the isolation of the first P. chrysogenum production strain, designed NRRL 1951 (Raper et al. 1944) . This strain became an ancestor of a family of more productive strains developed at the University of Wisconsin (Wis strains) and new strains descended from the members of this series have continued to be isolated by pharmaceutical companies (Lein 1986; Elander 2003) . Several groups of strain improvement series include, e.g., BW strains (BW strain series, Beecham Pharmaceuticals), Penicillium chrysogenum P-2 (Nippon Kayaku Co., ancestor of Panlabs strain series), E1 or AS-P-78 (Antibióticos) (Nielsen 1995) that are well-known from publications. The improvement programs have employed techniques of random mutagenesis followed by selection of more productive variants (Demain 1983; Lein 1986 ). In the process, titreenhancing mutations are occurring being responsible for different kinds of mechanisms proposed to be increasing the production level. Such mechanisms include mutations in cis-regulatory elements of the biosynthesis genes, amplification or more efficient transcription of R. Šmidák et al.
the biosynthesis genes, mutations in other genes controlling or being part of penicillin biosynthesis pathway and better utilization of precursors.
Comparative analysis of production and wild-type strains can reveal a molecular basis of these changes, thus providing targeted mutagenesis-based methods in development of new highly producing strains. In this work we have tried to identify potential sequence variations in promoter and coding regions of penicillin biosynthesis genes between several high titre and wildtype strains of P. chrysogenum. Then we examined the amplification of these genes in two production strains -P. chrysogenum NMU2/40 and P. chrysogenum B14 used also in the nucleotide sequence analysis. These strains introduced here are producers of penicillin V and G from Biotika a.s., Slovenská Ľupča (Slovakia) and a more detailed analysis of these strains was unpublished as yet. In the gene amplification study a real-time PCR-based approach was employed as a faster, less laborious and more accurate method compared with the conventional techniques and the copy number values were estimated for each of the penicillin biosynthesis genes separately. This provides also a confirmation of the results from previous studies (Fierro et al. 1995; Newbert et al. 1997) reporting the amplification of the entire cluster on a single fragment with no differences in the copy numbers between the penicillin biosynthesis genes per genome.
Material and methods

Strains, media and growth conditions
The production strains P. chrysogenum NMU2/40 and P. chrysogenum B14 were provided by Biotika a.s., Slovenská Ľupča (Slovakia). The ancestral strain P. chrysogenum NRRL 1951 (ATCC 9480, CBS, Utrecht, NL) and the wildtype isolate P. chrysogenum WT1 (Institute of Molecular Biology, Slovak Academy of Sciences, Bratislava, Slovakia) were used as reference strains for the nucleotide sequence, real-time PCR and Southern blot analyses. For the P. chrysogenum genomic library construction cosmids were propagated in Escherichia coli Sure (Stratagene). Standard cloning experiments were carried out in E. coli DH5α (Invitrogene). All of the P. chrysogenum strains cultures were grown on the same media. Solid medium for the growth of P. chrysogenum was LCSB containing 15 g/L lactose, 2.5 g/L corn steep extract, 5 g/L peptone, 4 g/L NaCl, 0.5 g/L MgSO4.7H2O, 0.6 g/L KH2PO4, 0.005 g/L FeCl3.6H2O, 0.002 g/L CuSO4.5H2O, 30 g/L agar, pH = 4.8 and the cultures were incubated for 2-5 days at 28
• C. Liquid medium for growth of P. chrysogenum was GLAC containing 24 g/L casamino acids, 5 g/L glucose, 5 g/L glycine and 8 g/L MgCl2, pH = 7.5. Spore suspension (∼10 5 spores) was inoculated in 50 mL of liquid media in 250 mL glass flask and incubated in a rotary shaker for 48-96 h at 250 rpm and 28
• C. Standard solid and liquid LB media were used for E. coli, supplemented for the selection of transformants with amplicillin to a concentration of 150 µg/mL.
Total genomic DNA isolation Cultures of P. chrysogenum used for total chromosomal DNA isolation were grown in GLAC liquid medium as described above. Mycelia were collected by filtration, washed in the solution of 4 M NaCl, 2 M Tris HCl, pH = 8.0, 0.5 M EDTA, pH = 8.0, frozen in liquid nitrogen and held at −80
• C. After disruption with mortar and pestle in sand and liquid nitrogen they were resuspended in the solution of 10 mM Tris HCl, pH = 8.0, 100 mM NaCl, 50 mM EDTA, pH = 8.0, 4% SDS with the ratio of 4 mL of the solution for 1 g of mycelia and incubated for 10 min at 65
• C. Further procedure was the purification and fenol-chloroform extraction method as detailed in Balance et al. (1983) .
Genomic library construction and shotgun sequencing
The exact procedures of the genomic cosmid library construction and the subsequent colony blot analysis were described by Redenbach et al. (1996) . The sequences of all primers used are summarized in Table 1 . Fragments of partially Sau3AI-digested P. chrysogenum chromosomal DNA were cloned into BamHI-digested sCos-1 vector. The library was screened with PC34 probe (part of pcbC gene) that was amplified via PCR using ProofStart DNA polymerase (Qiagen) and PC3/PC4 primer pair according to manufacturer's protocol and labelled with digoxigenin using Nonradioactive DNA Labelling and Detection Kit (Roche-Boehringer Mannheim). Inserts from the positive clones selected were sequenced from both the 5' and 3' end using T3m and T7m primers to obtain those containing the whole penicillin biosynthesis gene cluster. From these, one with the largest flanking regions of the cluster was selected. Shotgun sequencing of the cosmid identified was carried out by its Sau3AI partial digestion, subcloning of the fragments into BamHI-digested pBS SK+ vector followed by sequencing of inserts from the resulting plasmids using universal primers M13f and M13r. The whole sequence of the genomic fragment was thereafter obtained by contig assembly using ContigExpress in Vector NTI Advance TM 9 software (Informax).
Nucleotide sequence analysis of promoter regions
Bidirectional pcbAB-pcbC promoter region and penDE gene promoter were amplified via PCR with ProofStart DNA polymerase (Qiagen). Three primer pairs were used for amplification of 1,015-bp bidirectional pcbAB-pcbC promoter region: RX1/RX2, RY1/RY2 and RZ1/RZ2, and three pairs for amplification of 1,497-bp penDE promoter region: PX1/PX2, PY1/PY2 and PZ1/PZ2. All primer sequences are summarized in Table 1 . The amplified fragments were subsequently cloned into pDrive vector using A-Addition and PCR Cloning Kit (Qiagen) following sequencing of several clones for each fragment. All the steps were followed according to the manufacturer's instructions.
Southern blot and real-time PCR analysis
Chromosomal DNAs from all the P. chrysogenum strains tested were digested by EcoRV and run alongside on 1% agarose denaturating gel. The fragments were transferred to Hybond-N + nylon membrane (Amersham Pharmacia Biotech) and probed with digoxigenin labelled probes PC56 and FG12 that were amplified via PCR with ProofStart DNA polymerase (Qiagen) according to recommended conditions. A primer pair PC5/PC6 was used for amplification of PC56 probe specific to penDE gene and a pair FG1/FG2 for FG12 probe used for detection ofgdhA gene. Labelling, blotting, hybridization and detection were carried out with Nonradioactive DNA Labelling and Detection Kit (RocheBoehringer Mannheim) according to the manufacturer's instructions. Values of intensity for each band detected were derived densitometrically by BioDocAnalyze system (Whatman Biometra). All primer sequences are summarized in Table 1 . Table 1 . PCR primers used in this study.
Promoter regions
Colony blot and real-time PCR analysis Real-time PCR analysis was based on SYBR Green method and primers used were designed with Primer Express software (Applied Biosystems). All the amplifications and detection were carried out with 7900HT Fast Real-Time PCR system with 96-Well Block (Applied Biosystems). Each PCR contained: 10 µL of 2× Power SYBR Green PCR Mix (Applied Biosystems), 1 µM of each primer and 5-20 ng of P. chrysogenum chromosomal DNA in total reaction volume of 20 µL. The primers used were: the pair AR1/AR2 for pcbAB gene, NR1/NR2 for pcbC gene, TR1/TR2 for penDE gene, GR1/GR2 for gdhA gene and YG1/YG2 for pyrG gene. All primer sequences are summarized in Table 1 . The PCR conditions were as follows: initial cycle of denaturation for 10 min at 95 • C for 15 s. Data analysis was performed with the bundled SDS software (Applied Biosystem, Version 2.3). Relative copy numbers of penicillin biosynthesis genes were derived using standard curve or comparative CT method (User Bulletin #2 ABI PRISM 7700 Sequence Detection System, Applied Biosystems). Reactions were run in triplets and the results are expressed as mean ± SD.
Results
Nucleotide sequence analysis of the penicillin biosynthesis gene cluster from different strains of P. chrysogenum Genomic cosmid library was constructed from the high-producing strain P. chrysogenum NMU2/40 and screened by colony blot using PC34 probe specific to pcbC gene. From the positive clones detected six were processed further for isolation of cosmids: pPCK1, pPCK4, pPCK8, pPCK21, pPCK24 and pPCK33. Of these, all appeared to comprise the whole penicillin biosynthesis gene cluster. Based on sequence database search cosmid pPCK24 was identified as the one with the largest insert and the largest flanking regions of the cluster and was subsequently shotgun sequenced. The insert of the pPCK24 cosmid was approximately 44.7 kb in length with the end extensions of 15.5 kb and 13.1 kb to the 3' end of pcbAB gene and 3' end of the penDE gene, respectively (Fig. 1) . The whole fragment sequence was aligned with the previously published sequences in database obtained for P. chrysogenum AS-P-78 (Fierro et al. 2006) and P. chrysogenum Wis54-1255 (Van den Berg et al. 2008) . No sequence variations were found throughout the entire fragment compared with Wis54-1255 strain. Although small differences were found after comparison of NMU2/40 strain with AS-P-78, these were most likely the results of sequencing errors in the database sequence as was proposed also by previous authors (Van den Berg et al. 2007 ). The pcbAB-pcbC bidirectional promoter and penDE promoter were amplified also from other production strain P. chrysogenum B14, ancestral strain P. chrysogenum NRRL 1951 and the wild-type isolate P. chrysogenum WT1. After cloning of amplicons several clones for each fragment were sequenced. However, no sequence differences were revealed in the pcbAB-pcbC or penDE promoter regions between all the strains of P. chrysogenum analyzed here.
Amplification of the biosynthesis genes in the analyzed production strains Amplification of the penicillin biosynthesis genes was examined in two production strains P. chrysogenum NMU2/40 and P. chrysogenum B14 compared with single copy P. chrysogenum NRRL 1951 and P. chrysogenum WT1 strains. Genes gdhA (encoding NADPdependent glutamate dehydrogenase) and pyrG (encoding orotidine-5'-phosphate decarboxylase) are present in a single copy in all the P. chrysogenum strains examined thus far therefore being used as endogenous controls (Cantoral et al. 1988; Diéz et al. 1999) .
Through the real-time PCR analysis, copy number values were determined for each of the penicillin biosynthesis genes separately and normalized to those obtained for gdhA or pyrG gene. Relative copy numbers of the pcbAB, pcbC and penDE genes were thereafter derived using calibrator values from the samples of the single copy strain P. chrysogenum NRRL 1951. For all the strains analyzed, the results for each of the three biosynthesis genes from the same organism were identical and can thus be considered as the copy numbers of the entire penicillin biosynthesis gene cluster. The analysis showed the amplification in both production strains to four copies in P. chrysogenum NMU2/40 and six copies in P. chrysogenum B14. Wild-type strain WT1 used as control was found to carry only one copy as assumed. No differences were shown with using either the gdhA or pyrG reference gene. The results are represented in Figure 2 .
For all the P. chrysogenum strains additional Southern blot analysis of the penicillin biosynthesis gene cluster amplification was undertaken. Chromosomal DNAs from each of the strains were hybridized simultaneously with the penDE and gdhA gene specific probe and two different bands in each sample were de-B14 NMU2/40 pcbC gdhA WT1 NRRL 1951 Fig. 3 . Southern blot hybridization of total DNAs from the analyzed production strains Penicillium chrysogenum NMU2/40 and B14, the wild type isolate Penicillium chrysogenum WT1 and the ancestral strain Penicillium chrysogenum NRRL 1951 with probes to penicillin biosynthesis gene penDE and reference single copy gene gdhA. Amplification was detected in the both production strains while the wild type and original low producer exhibit the expected single copy pattern. Copy number values obtained for penDE gene densitometrically were similar to those from the real-time PCR analysis.
tected (Fig. 3) . The upper one (3,916 bp) represented the penicillin biosynthesis gene, penDE and the lower (1,069 bp) gdhA gene band provided a baseline, single copy signal. For the more producing strains P. chrysogenum NMU2/40 and P. chrysogenum B14 the penDE gene band was of significantly higher intensity compared with that for the gdhA gene with the intensities of the both bands being similar for the NRRL 1951 and WT1 strains. This indicates an increase in a copy number of the penicillin biosynthesis gene cluster in the production strains, whilst the strains carrying the presumed one copy exhibited the expected single copy pattern. The bands were scanned and evaluated densitometrically and the values determined for the gdhA gene bands were used to correct DNA loadings across the strains. The resulting copy numbers of the penDE gene and hence estimated copy numbers of the entire penicillin biosynthesis gene cluster were similar to those obtained with the real-time PCR method for all the production and wild-type strains analyzed.
Discussion
Improvement programs resulted in development of many highly producing P. chrysogenum strains. These proceeded through many steps of random mutagenesis aimed at increasing the penicillin production. An analysis of such strains is very important to elucidate the molecular basis of deregulation and hence higher titre levels. Here we report the nucleotide sequence analysis and gene amplification study of the penicillin biosynthesis gene cluster from two other production strains P. chrysogenum NMU2/40 and P. chrysogenum B14. A 44.7-kbp NMU2/40 genomic fragment comprising the entire penicillin biosynthesis gene cluster was isolated and sequenced. When compared to strain Wis54-1255 in database, within the analyzed fragment no changes were revealed either in coding and regulatory regions of the biosynthesis genes or in the flanking regions outside the cluster with several hypotetical ORFs (Fig. 1 ) whose relation to penicillin biosynthesis is still unclear (Fierro et al. 2006) . Very small differences were found after comparison of the isolated sequence with another database sequence published for AS-P-78 strain (Fierro et al. 2006) . Van de Berg et al. (2007) summarized these changes in the comparative analysis of Wis54-1255 with AS-P-78 and concluded that all of these are most likely sequencing errors and there are no base-pair changes throughout the cluster or flanking regions between the strains. Here we just confirmed this conclusion by total identity of the sequence from Wis54-1255 to that from NMU2/40 analyzed here as the third different production strain with confirming the sequence from Wis54-1255. The bidirectional pcbAB-pcbC and the penDE promoter regions showed high sequence conservation even after alignment comprising NMU2/40 with three other strains used in this work: production strain B14 and two wild-type strains NRRL 1951, WT1. Apparent sequence homology in these regions between production and wild-type strains of P. chrysogenum has also been reported previously (Newbert et al. 1997 ).
In agreement, our results supported the production increase in the high-producing strains being mediated by the other mechanisms rather than titre-enhancing mutations in the cis-regulatory elements of the penicillin biosynthesis genes. One of these possible mechanisms is the amplification of these genes that is quite common in P. chrysogenum production strains (Barredo et al. 1989b; Smith et al. 1989 Smith et al. , 1990 Christensen et al. 1995) . This was examined in the both high-producing strains, NMU2/40 and B14. Through the quantitative real-time PCR we showed the amplification in both these strains, but no differences between all the three genes within the same organism were shown for any of the strains. These findings suggest that the entire cluster was amplified. The observations made with all other P. chrysogenum strains published showed that the amplification pattern has always the character of the direct tandem repeats of the large genomic DNA regions (∼57.9 kbp or 106.5 kbp) where each copy comprises the whole cluster (Fierro et al. 1995; Newbert et al. 1997) . Fierro et al. (1995) proposed the model in which the amplification is generated by the unequal sister chromatid exchange involving recombination hot spot sequence TTTACA (or its reverse complementary). This motif is located at the borders of the single copy unit in the wild-type strain and of each unit in the amplified strains (Fierro et al. 1995 (Fierro et al. , 1996 . The identical copy numbers of the biosynthesis genes per genome indicate that the amplification in NMU2/40 and B14 strains has been achieved by just such a mechanism with no changes in the cluster integrity between the copies or any dislocation of the biosynthesis genes. This is well consistent with the given proposal presuming the more productive strains to be selected with the entire cluster amplified instead of the biosynthesis genes alone as a consequence of the close regulation and relation between these genes (Theilgaard et al. 2001) . In this view, the copy numbers obtained for the biosynthesis genes represent the estimated values for the whole cluster. Four copies were found to be present in NMU2/40 and six copies in B14. Together with industrial data known these results revealed that several hundreds times higher production in these two strains compared to the NRRL 1951 is too high to be due to the amplification alone. Briefly, this work demonstrated that in the two strains analyzed, the amplification is only partially responsible for the production increase with no mutations being identified in the promoters of the biosynthesis genes. Such productivity is most likely a result of transcription deregulation and increased RNA levels of some or all the three biosynthesis genes. Also other factors such as enhanced precursors biosynthesis or intermediates transport processes cannot be excluded. To explain this in a more detail, further expression studies and other analyses are needed. Finally, we have shown that the mutation profile of the high-producing strains P. chrysogenum NMU2/40 and P. chrysogenum B14 is of higher complexity with respect to the penicillin production. This feature provides an opportunity for using these two strains in the more extensive studies of the gene regulatory network controlling the penicillin biosynthesis pathway.
